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M(X)Ẍ + C(X, Ẋ)Ẋ + G(X) = u + ∇F (X)λX










X ∈ IRn Z`k _³pTGoaidfsdvUpTGeRT+s&_v^jZ!5GT l o+d2dps l Zje9_bacTGkG¤ M(X) = MT (X) ∈ IRn×nZ`kgaiORTh4d@knZ\acZ\pT l T1;9eRZ\aiTZ\e9T+siaiZ`_ S	_baiscZ\q.¤
F (X) ∈ IRm siTGhRsiT:knTGefagaiO9T l Z`kwa&_ve9o+Taid acORTodfe[knais&_vZjefa&k+¤
λX ∈ IRm
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C(X, Ẋ)
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Φ = {X|F (X) > 0} =
⋂
16i6m
Φi, Φi = {X|Fi(X) > 0}
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Φ 6= ∅ ¤._pe l TGpT+e SUdfsiT\PZ\a¦o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Σi = {X|Fi(X) = 0}
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α > 2
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q _vscdp]Re l ki]9o&O eRdfe[ l Z\¡DT+scT+efacZj_pR^jTh(dfZ\e@ack
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F (X) > 0
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Φ = Φ1 ∩ Φ2
Xd
Φ = Φ1 ∪ Φ2
¨Z\f]RscT\Jdfe[ l Z¡DT+scT+e@aiZ`_vR^jT¦h(dpZjefa&k+
Φi
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qR_vSUhR^jTPaiO9T l dpS	_vZje
dpacORT	¨Zj9#Z`k¦eRdfe[ o+dpe@pT+q R][ao+_pe(T l TGkcoscZ\(T l _pk
Φ
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Z\aiZjTGkG
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Ẋ(t+k ) = −enẊ(t−k )
+(1 + en) arg minz∈TΦ(X(tk))
1
2 [z − Ẋ(t
−
k )]





















en ∈ [0, 1]





X ∈ Σ1 ∩ Σ2
7NPORT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ZjSUh9_poa&k!>knT+T l T1;9eRZ\aiZjdpe4k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¤ l d2TGk#eRdva l T";9eRTy_§knh(T:oZ!;4ohRO9_pkiT
!¿dps  i XSd l T#t(T:o+_v]4knTZ\a l d2TGk£eRdpaypZjpTscZjkiTacd"_eRTG³awm2h(T§dp l m2e9_pSUZjoG_v^Dknm[knaiT+S¤[_pk££TkiO9_v^j^






TGe9_vR^jT	]9k¦acd l T:knZjpe_gæTGT l 4_po&odfefacsidf^\^jT+s¦dps$ais&_po&2ZjeR9¤^jTa]9k$Zje@pT:kwacZ\@_baiT	SUdpscT l T+TGhR^jmIORdb
!M| #S	_<m	(T¦knTGT+eg_pky_odfe9kiT @]RT+e9o+T§dvaiORT¦9_pkiZ`o§odfefacsidf^(dp[uwTGoacZ\pT:k _'a ¤ _-_ba _ve l _-__'a ^\Z`knaiT l Z\eacORT
Zjefacsid l ]9oacZ\dfe¥
¨#Zjs&kwaUdp§_p^\^M¤^jTa	]9keRdpaiZ`oTacO9_ba l TGkihRZ\aiTgaiORThRscdpR^jT+SÀZje@fdp^jpTGko+dpefa&_poaU_pe l odfe9kiT @]RT+e@ai^jm
fT+eRT+s&_v^jZ65+T l dfsco+TGk¦ZjeacORTo+dpefacsidf^Jdp[uwTGoacZ\pT:k ! l ]RscZjeRhRO4_pkiTGk
Ω2k+1
acORTodfefa&_poa$dps&oT	knO9dp]R^ l
O9_<pT¦kndfSUT l TGkiZ\scT l b_p^\]RT #¤2aiORT$o+dpe@aiscdp^(h9sidfR^\TGS»scT+S	_vZje9kyhRscZ\S	_vscZj^\m_"SUdvacZ\dfeo+dpe@aiscdp^DhRsidfR^jT+S
 e l TGT l acORTodfefa&_poa!dps&oTp¤RZM Tf%acORT#_vps&_veRpTS]R^\aiZjhR^jZ\TGs
λX
Zje !w #¤9Zjk!eRdpa!h4_vsia!dvaiORTknm[knaiT+S  k
knac_vaiT
(X, Ẋ)
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V (X, Ẋ, t) = 0
tX2Z\e4oT!acORZjkZ`kt_¦ais&_po&2Z\e9$odfefacsidf^[h9sidfR^\TGS_ve l knZje9oT!acORT l T:knZjscT l
acsc_buwTGoaidfsimZ`kT@]9_v^Paid
0
dfe ki]9ocO hRO4_pkiTGk !¿T+pT+e acORTscT+(df]Re l hRO9_fknT #¤££Todfe9o^j] l TgaiO4_baUacORT
acsc_foc2ZjeRgTGsiscdps
X̃(·) T+e@aiT+scZjeR V (·) O9_fkacdkc_bacZjknm X̃(·) = 0 ¤#kidgacO9_ba V (X̃ = 0, ˙̃X = 0) = 0 NPO2]9k
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Ω2k ∪ Ik ∪ Ω2k+1
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  a  λ[Ω] = +∞ 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  a  V (x(tkf ), tkf ) 6 V (x(τk0 ), τk0 )





V̇ (x(t), t) 6 0
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 V (τ00 ) 6 1 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V (tkf ) 6 V (t∞)e
−γ(tkf−t∞)
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k+1) − V (t+k )
6 V (τk0 ) + KV
κ(τk0 ) + ε
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V (tkf ) 6 e
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M11(q)q̈1 + M12(q)q̈2 + C1(q, q̇)q̇ + g1(q) = T1(q)u + λ
M21(q)q̈1 + M22(q)q̈2 + C2(q, q̇)q̇ + g2(q) = T2(q)u
qi1 > 0, q
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NΦ(q) = {v|∀z ∈ TΦ, zT v 6 0}
  e o+_pkiT
q ∈ ∂Φ ¤ydfeRTfTack NΦ(q) = {v|v = DT λ̄, λ̄ 6
0} A ´Z\scZ`_vsian ° scsi][awmGl ¥T+S	_ps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Pq = D
T λ ∈ −NΦ(q)
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dfefaiscdp^
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σV (tk) 6 0
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odfefaiscdp^j^jT+s l d2T:k
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V (t, q̃, ˙̃q) =
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q̃(·) = q(·) − qd(·)
NPORT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d + C(q, q̇)q̇
∗
d + g(q) − γ1(q − q∗d) − γ2(q̇ − q̇∗d)
Ut = Unc
(TdfsiTaiO9T ;4sckna!ZjSh4_poa
Ut = g(q) − γ1(q − q∗d) − γ2q̇
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2 + a1t + a0
q̇∗1d(t) = 3a3t
























t′(τk0 ) = 0
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t(2 − t) > t2(3 − 2t) ¤[aiORTGsiT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s̄(t) = ˙̄q(t) + γ2q̄(t)
















 e@aiscd l ]9oZjeR/!'ov}.#£Zjefacd/!bov #£dfeRT¦dpRac_vZje9k+\





= −γ1s(t)T s(t) + γ1γ2s1(t)q∗1d
= −γ1s(t)T s(t) + γ1γ2q̇1(t)q∗1d + γ1γ22q1(t)q∗1d
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γ1‖ ˙̃q‖2 + γ1γ22‖q̃‖2
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σ‖q̃‖2(tk) = 0_pe l
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Aλ + b > 0
λT (Aλ + b) = 0
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